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Abstract

A short review is given of the literature pertinent to the bolometric correction.
A recommended scale of bolometric corrections is presented based upon recent

model atmospheres for stars of early spectral type, and upon stelar- energy dis-

tributions synthesized from photoelectric observations of stars later than FO V.
The reduction of various photoelectrically determined magnitude and colo;" sys-

tems to a common system and the further reduction of these measurements to ab-

solute energy untts is discussed in some detail.
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Celestial Background Radiation
1.. A Revised Scale of Bolometric Corrections

1. INTRODUCTION

It is the purpose of this paper to rediscuss the scale of bolometric corrections

from the point of view of our present understanding of the observed distribution of

energy in stellar spectra.

The classical discussion of the bolometric correction is that of Kuiper (1938)

in which he made extensive use of the model atmospheres of Pannekoek (1936) and

Hertzsprung (1906) to derive bolometric corrections for stars earlier than PO,

and the radiometric data of Pettit and Nicholson (1928) for stars later than FO.

The scale derived is defined by the equation

B.C. = mbol -IPv -0.07 (1)

where B.C. is the bolometric correction, IP V is the international photovisual

magnitude on the system of the North Polar Sequence of 1922, and mbol-0.0 7 is the

apparent bolometric magnitude with the zero point of the system of bolometric

magnitudes chosen so that a star of solar type has a B.C. equal to -0.07. This

selection of the zero point requires that B.C. = 0.0 at an effective temperature (T e )

eeof 6600 0 K an d B.C. K 0.0 for all other values of Te . In terms of the radlometric

(Peceiveo for publicotion 30 December 1963.)

!pC'f.
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magnitudes m r of Pettit and Nicholson, Eq 1 becomes

B.C. = (rn - A mr ) - IPv + 0.62 (2)

where A mr is a correction term for instrumental losses and atmospheric extinc-

tion. Kuiper's adopted values are shown in Table 1.

TABLE 1, Bolometric corrections derived by Kulper (1938)

Super- Super-
Sp. Dwarfs Giants giants Sp. Dwarfs Giants giants

F2 -. 04 -. 04 - .04 K4 - .55 -1.11 -1.56

F5 .04 .08 .12 K5 .85 1.35 1.86

F8 .05 .17 .28 K6 1.14

GO .06 .25 .42 MO 1.43 1.55 2.2

G2 .07 .31 .52 Mi 1.70 1.72 2.6

G5 .10 .39 .65 M2 2.03 1.95 3.0

G8 .i0 .47 .80 M3 %2.35) 2.26 -3.6

KO .11 .54 ,.93 M4 (2.7) 2.72

K2 .15 .72 1.20 M5 -(3.1) -3.4

K3 -.31 -.89 -1.35

T e  B.C. T e  B.C. Te B.C.

6500 0.00 13000 -1,18 22000 -2.40

7000 -.01 14000 1.35 25000 2.69

7500 .12 15000 1.51 30000 3.12

8000 ,22 16000 1.66 35000 3.5

" ." 9000 .40 17000 1.80 40000 -3.8

10000 -.57 18000 i.94 45000 4.1
11000 .78 19000 2.06 50000 -4.3

12000 -.98 20000 -2.18

Among the more recent discussions of B.C. are those of Stromberg (1946),

Lohmann (1948), Eggen (1956), Limber (1958), Arp (1958), Schwarzschild (1958),

Popper (1959), and Johnson (1962).
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Stromberg's values, presented in Table 2, are based entirely on the data of

Pettit and Nicholson., They were derived in the same manner as that employed by

Kulper, with the substitution of m v from the Henry Draper Catalogue in place of

IP used by Kuiper. The chosen zero point of the scale is not the same as Kuiper's,

thus, to compare the two sets of data, one must add a zero point correction of -0.1

magnltude to the values of Stromberg,

TABLE 2. Bolometric corrections derived by Stromberg (1946)

Sp. B.C. Sp. B.C., Sp. B.C. Sp. B.C.

AO -.3 d G5-dG9 0.0 dM0 -1.3 gG3 -0.1

A2 - 1 dKO -. 1 dM3 '-1.9 g±(1 -0.4

A3-A4 0.0 dK3 -. 4 dM5 -2.5 gK5 -1.1

A5-dC4 +.I dK6 -. 7 dM6 -2.8 gM2 -1.8

Lohmann (1948) reduced the --idiometric magnitudes obtained by Emberson

(1941) to the system of Pettit an \icholson and derived the bolometric corrections

shown in Table 3, He noted that tle magnitudes measured by Emberson were

systematically less in absolute value than those of Pettit and Nicholson, the

difference increasing ,vi'h stars of 1%ter spectral type and approaching a maximum

of 0.23 magnitude near KO., This discrepancy is attributed to tie difference mn

atmospheric extinction at the two observatories.,

TABLE 3., Bolometric corrections derived by Lohmann (1948)

0J
BO -3.06 FO -. 04 KG - .28

B5 -2.00 F5 -. 00 K5 .78

AG - .98 GO -. 00 MG -1.25

A5 - .37 G5 -. 10 'M5 -1.90
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Eggen (1956) derived a scalp of bolometric corrections from the data of Pettit

and Nicholson according to the relation

B.C. = r - A mr) -VE + 0.62 (3)

where the zero point is coincident with that of Kulper's and VE is the V magnitude

determined photoelectrically by Eggen 1955)., These data are given in Table 4

where the color index (P-V)E and the absolute visual magnituoe MV determined from

trigonometric parallaxes are the runnng parameters

TABLE 4. Bolometric currection according to Eggen (19S6)

(P-V)E B.C.: (P-V)E  B.C. (P - V)E B.C.

+0.2 -0.05 +0.8 -0.15 i-1.2 -0.80

+0.4 -0.05 +0.9 -0.22 +13 -1.00

+0.6 -0.07 +1.0 --0.41 +1.4 -i.19

+0.7 -0.10 +1.1 -0.6i

MV B.C, M V  B.C. Mv B.C..

+1.0 -0,44 +5.0 -0.06 +9.0 -1.31

+1.5 -0.28 5. , -0.08 +9.5 -1.52

+2 0 -0.10 +6.0 -0.12 +10.0 -1.72

+2.5 -0.06 46.5 -0.30 +10.5 -1.93

+3.0 -0.05 +7.0 -0.48 +11.0 (-2.14)

-3.5 -U.05 +7.5 -0.70 +11.5 (-2.35)
+4.0 -0.05 +8.0 -0.90 +12.0 (-2.55)

+4.5 -0.06 +8.5 -1.11

A discussion of the boiometric correction for K and M dwarfs has been given

by Limber (1958), Here the data of Kuiper were corrected to the U, B, V system

of Johnson and Morgan (L953), ana the zero point of the resulting scale made coin-

cident with that of Kuiper's. A comparison of the two scales shows the values of

Limber to be systematically smaller than Kuiper's by about 10 percent. Limber

also finds that there is a strong tendency for the raaiometric magnitudes for the

faintest stars measured by Pettit and Nicholson to be too bright ny as much as 0.4

to 0.5 magnitude.
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A'p's (1958) tabulation of bolometric corrections is essentially the same as

Kuiper's, but wit,a the values for stars earlie. than 35 determined from the irodpl

atmospheres of Underhill and McDonald (1952)., The compilation of bolo-netric

corrections and effectwvc temperatures presented by Schwarzschild (1958) with

B-V as the argunent, is the same as that presented by Kulper, using the temper-

ature scale o. Keenan and Morgan (1951)., "

The most recent extensive discussion of the scales of effective temperatur
and bclometric correctoii was give,. by Popper (1959). The V magnitude on the

U, B, V system was used to obtain bolometric corrections from the original data of

Pettit and Nicholson. Also i.icluded were Embersor:s ra(cuometric measures of

highest weight after a reduction of +0.23 magnitude to lower them to a common

zero point. The bolometric correction was derived from

B.C, = (m r - A m ) -V + 0.58 (4)

the constant being chosen to reproduce Kuiper's values for main sequence stars of

type G0-G8 The resulting values were piotted versus the B- V color of the star,
and a mean curve was drawn through the points,. His adopted values read from the

mean line are shown in Table 5, Popper notes that there are no systematic

differences in B.C. depending upon luminosity class except perhaps for the reddest

s',ars.

TABLE 5. Bolometric corrections
from Popper (1959)

B-V B.C.

+0.4 0.00
+0.5 -0.02

+0.6 -0.07

±0.7 -0.11
+0.8 -0.17

+0.9 -0.28

+1 0 0.f0

+1.1 -0.53

+i1.2 -0.72
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For stars earlier than FO, rcpper calculated bolometric corrections from the
model atmospheres of Hunger (1954), Osawa (1956) ard Salto (1956). His values,

which are included in Table 7, depar from Kuiper's by 0.2 magnitude at Te

10,000"K.

Recently Johnson Z1962) nas obtained photoelectric measuremenu, in the

a'mospheric windows at 2.2 and 3.6 microns (K and L magnitudes) which he has

combined wilh data from U, B, V photonet-'y six color photometry of Stebbins

and f¢ron (1956), and R, I pl,otometry f' Kron, Whitc, and Gascoigne 1253), Kron

and Gascoigne (1953) an-t Kror. and Mayal] (1960) to obtain stellar energy distribu-

tions over a wide spectral range. From an i itegration of these curves on an
intensity basis relative to that of the Sun, he derived the values reproduced in

Table 6. The zero point of the scale is B.C. = 0.0 for a star of solir type, and
thus dffers from Kuiper's by -0.07 nrjagrntide. ,,

TABLE 6., Bolometric correction, of Johnson (l952j

Sp., B.C. Sp. B.C. Sp. B.C.

- F5V +.05 M0V -1.0 KilI -0.9

GOV 0.0 W2 V -1.C M13fl -1.1

G2V 0.0 M4V -1.8 M2111 -1.4
G8V 0.0 M5V -2.0 M41II (-2.0)

KOV -0.1 G5111 -0.1 MAIll (-2.7)

K2V -0.2 KOlll -0.2 F5I +0.1
K-V K211 -0.4 MC-21 -1.2

It is interesting to note that all determinations of the bolomctric correction

surisequent to that of Kuiper's have resulted in an appieciable decrease in absolute

value for the stars of late spectral type.
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T. THE BOLOMETRIC CORRECTION FOR RTARS OF EARLY SPECTRAL TrYPE

For stars earlier than FO V an appreciable portion of the total radiant energy

lies in the ultraviolet at wavlengths shorter than the atmospheric cutoff and is not

observable with Earth-fixed instrumentation. For this reason, our knowledge of the

energy distribut'on in the spectrun of the hotter stars i'elies upon the pradictions

of model atmospheres.

Table 7 is a compilation of a number of recent atmospheric models for stars

of early spectral type. The spectra listed in column i and the atmospheric

parameters (logari~hm of the surface gravity, the boundary temperature Too and

the effective temperatur, re) listed in columns 2, 3, end 4 are as given by the
referenced au'thors. Bolometric corrections given by Underhill (1952, 1956),

McDonald (1952), ano Pecker (1950) have been corrected to the zero point of

lNuiper's (1938) scale. Bolometric corrections for the models of Saito (1956),
Osawa (1956), and Hunger (1955) have been taken from Popper (1959), while those
for the models of DeJager and Neven (1957) and Melborne (1960) have been obtained

by the author from integration of the published flux distributions in the maiiner of

Underhill (1956), that is,

B.C. = 2.5 log - 10 log Te - 0.C7 (5)

fo; V V F V (()dy Te (0)

where V, is the spectral response curve of the V magnitude given by Johnson (1955),
T (Q) = 5778'K is the effective temperature of the sun (Blanco and McCuskey,

C

1961), and the monochromatic solar flux F. (0) is taken from Goldberg and Pierce

(1959). Column 6 cor'tains the values of (B-V)C calculated by the referenced authors,

and column 7 the (B-V) color determined from the spectral type, according to the

list of Johnson and Morgan (1953).

The valees of B.C. plotted in Figure 1 as a function of effective temperat1re
lie along a reasonably well defined curve. This curve falls 0.33 mag. below

Fuiper's relationship (also shown in Figure 1) near Te = 14,000, is nearly coinci-

dent witu his values in the region 24,0000 < Te < 36,0000, and predicts values
larger than Kuiper t s at higher temperatures. The values of Table 8 were read from

the mean line of Figure 1. Due to the significant advdncements made in the theo-
retical treatment of stellar atmospheres during the past two decades, they are

considered preferable to those given by Kuiper.
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TABLE 7. Bolometric corrections derived from
model atmospheres

Spect. log g T0  Te B.C. (B-V)C (B-V)j Author

05 4.20 35000 44600 -4.27 Underhill (1952)

0 o  4.20 25200 36800 -3.75 Underhill (1952)

4.00 25000 2q700 -3.03 DeJager and Neven (1957)

B1.5V 4.20 18800 29500 -3.00 -. 31 -. 26 Underhill (1956)

B1.5V 3.80 18800 28470 -2.87 -. 31 -. 26 Underhill (1956)

B2.5V 4.20 16800 27870 -2.90 -. 31 -. 22 Underhill (1956)

BIV 4.48 17700 27300 -3.00 -. 28 Pecker (1950)

B2.5V 3.80 16800 27000 -2.81 -. 30 -. 22 Underhill (1956)

B1.5V 4.48 17300 26360 -2.83 -. 26 'Pecker (1950)

B2V 3.80 16800 22700 -2.59 -. 24 McDonald (1952)

4.00 18000 21400 -2.22 DeJager and Neven (1957)

B2V 3.80 16550 20500 -2.00 -. 24 Saito (1956)

4.00 i4000 16620 -1.52 DeJager and Neven (1957)

B5V 3.80 12750 15400 -1.22 -. 16 Saito (1956)

* 4.00 10000 11850 -. 64 DeJager and Neven (1957)

AOV 4.20 8680 10600 -. 39 0.0 Saito (1956)

4.30 7810 9500 -. 24 Hunger (1955)

4.30 7481 9000 -. 18 Hunger (1955)

A3V 4.00 6760 8900 -. 24 +.09 -t-.09 Osawa (1950)

4.30 7140 8660 -. 14 Hunger (1955)

4.30 6730 8160 -. 11 Hunger (1955)

A9V 4.00 6000 7560 -. 15 +.27 Osawa (1956)

4.39 5680 7000 -. 02 +.35 Melborne (1960)

4.42 5190 6400 -. 03 +.45 Melborne (1960)

4.43 4940 6100 -. 06 +.50 "Melbo-ne (1960)

4.44 4700 5800 -.07 +.55 Melborne (1960)

4.44 4460 5500 -. 11 +.63 Melborne (1960)
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TABLE 8. Bolometric correction for stars of early
spectral type

Te B.C. Te B.C. Te B.C.

6500 0.00 12000 -. 63 19000 -1.82

7000 -.02 13000 -.80 20000 -1.99

7500 -.G4 14000 -.97 22000 -2.32

8000 -.08 15000 -1.14 25000 -2.67

9000 -18 16000 -1.31 30000 -3.08

10000 -.24 17000 -1.48 35000 -3.50

11000 -.47 18000 -1.65 40000 -3.93

Although Te is a fundamental parameter characteristic of a stellar atmosphere,

it cannot be directly observed. Correlation of Te with readily observable

parameters such as sppctral type and color is difficult. Spectral types quoted for

model atmospheres are often derived from spectral characteristics which are more

sensitive to the temperature gradient in the atmosphere than to the value of T e -

Limb temperatures, T o . obtained by Cayrel de Strobel (1960) from the central

-' -' intensities of the Balmer lines show dispersions of more than 3000 0 K for stars of

the same spectral type near B1V, while correlation of his T0 with B-V breaks down

for B-V less than about -0.07 mag. Association of observed B-V colors with those

calculated from model atmospheres can lead to appreciable errors due to the

effects of line blanketing, (Melborne, 1960, Rozes-Saulgeot, 1960). At the present

time blanketing coefficients are not available for stars earlier than AO V.

The relationship of the B-V color to effective temperature has been recently

discussed by Popper (1959). Based upon the determination of the angular diameter

of Sirius (Brown and Twiss. 1956) and IHuner's (1954) model atmosphere for Vega.

Popper derived a scale of effective temperatures which departs markedly from

Fuiper's scale (1938) at B-V = 0.0, and gradually approaches it at B-V = +.50.

Popper's scale is adopted here. Table 9 lists the Te , B-V relationship determined

by Popper with the associated values of B.C. read from the curve of Figure 1. For

stars hotter than A0V one might adopt the temperature scale of Keenan and Morgan

(1951); however, Popper's discussion implies that major revisions are in order,

and data from rockets and/or satellites will be necessary to resolve the question.



TABLE 9. The bolometric correction
as related to Popper's (1959) scale of
effective temperatures

BB V T B.C.

0.00 9400 -. 23

+.10 8800 -. 16

-. 20 8100 -. 09

- .30 7350 -. 02

+.40 6700 0.no

-. 50 6300 -. 03

Pecently, data obtained by Sttcher and Milligan (1962) from a high altitude

rocket have provided our first glimpse of the continuous spectrum of hot, stars in

the region below the atmospheric cutoff, The most striking feature of this data is

the large deficiency of energy in the 2000 A region when compared to that pre-

dicted by model atmospheres. Various mechanisms have been discussed by Stecher

and Milligan to account :or the observed discrepancy. These include absorption by

the interstellar medium, absorptionby a circumstellar cloud, and the sudden increase En

opacity of che stellar atmosphere due to molecular absorption, line blanketing, and

absorption by quasi-molecules., Meinel '196?) has recently proposed a model for

B stars which attributes the high observed flux in the 2500 A region to the emission

continuum resulting from thedissociationof the H2 molecule which has been

observed in the laboratory by Coolidge (1944).:

It was felt that possibly some additional information might be gained if Stecher

and Milligan's data were compared with other data available for these stars.

Auxiliary data were first reduced to Code's (1960) system of monochromatic

magnitudes by the methods described in Appendix I. The resulting monochromatic

magnitudes were then converted to aosolute flux units using the calibration of the

V magnitude given by Code., For comparison with model atmospheres, the

normalization was made at X 5560 A through the relation

F
= 0H (5560) (6)\ X F (5560) x

where H X is the monochromatic irradiance at wavelength X, F is the flux from the
( 560)2model atmosphere, an- - converts from frequency units to wavelength units,
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Figure 2 shows a compariscn of the daa for E Canis Majoris over a wider

spectral range than considered by Stecher and Milligan. Six Color data were not

available for this star, the values shown having been computed from means

measured for this spectral type. The overlap of the two sets of data in the 3300 to

4000 A region is encouraging and attests to the high quality of the rocket cata on

both a relative and absolute basis, Saito's (1956) ModelIII is also shown in Figure

2. It is obvious from this figure that the slope of the rocKet data is considerably

greater than. that predicted by the model atmosphere in the region from 2500 to

3500 A. Also,: if allowance is made for the finite resolving power of the spec-

tromeier, the observed Balmer discontinuity will greatly exceed that predicte4 by

the mod2i. These data are in direct conflict. Tr reprodace the Balmer discontinuity,

a model of loser effective teinperature is indicatec, while to reproduce the observed

intensity gradient, a higher temperature is inoicated. Changes in the adopted value

of surface gravity in the model will not rectify the situation.,

Much the same may be said tor the data of Figure 3 for 0 Canis Majoris. Here

the Six Color data are those measured for the star by Stebbins and Kron (1956).

Although the Balmer discontinuity is poorly defined by the rocket data, the steep

siope near L 3000 is still evident.

The data for a Leonis are plottea in Figure 4, where the solid dots are the

photoelectric measures of Johnson (1962, 1953), U, V, B, K, and L, Six Color

photometry of Stebbins and Kron (1956), and the scanner data of Oke (1960),
Bonsack and Stock (1957), and Hail (1941), The curve is reasonaly well defined,

although there arpears to be some syczematic difference between the scans of Oke
and Bonsack and Stock. Saito's model for T e = 15,500'K, as adopted by Stecher

and Milligan, clearly does not represent the data.: The model of DeJager and

Neven (1957) for T o = 10,000°K provides a fairly good fit in the region of the

Balmer discontinuity. The bolornetric correction derived for aY Leonis by the

nethods oescribed in the following section and on the assumption that F1,/F,(1.80)

- 0.0 for l/A greater than 6.0 .s B.C., = -0.28 mag. For comparison, that

given b-, DeJager and Neven s model is B.C. = -0.64 magnitude.

For ae Carmnae FO Ia the spectrum is in much better acreement with that

ob.ined from model atmospheres in the X. 2000 region, however, comparison with

a model atmosphere at a slhghtiy higher temperature than the one shown mn Figure

5 would lead to betzer agreement in thv visual.
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SCANIS MAJORIS Bi
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7 0 SIX COLOR PHOTOMETRY
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"" ";:" Figure 3. Spectrum of/ Canis NMajoris, The solid curve is
the model atmosphere of Saito (1956) T e = 20400, log g - 3.8.,

No problems have been resolved from the consideration of this limited amount

of data, however, apparent contradic+ions in the spectra of E Caas Majoris, j3 Canis

Majoris, and a Leonis near the Balmer limit lend some s,'pport to the mechanissm

proposed by Meinel (1963)., Calculation of a bolometric correction for a L eora3
gives an indication of the large errors which may be present in bolometric correc-
tions based upon currently accepted atmospheric models.
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3. THE BOLOMETRIC CORR ECTION FOR STARS OF LATE SPECTRAL TYPE

The discussion given here is in the nature of an extension of the recent work

of Johnson (1962), (see Introduction). Johnson's bolometric corrections are based

upon the aerived spectral energy distributions for 24 stars of which only 18 are

later than FO. His original observations contain 37 stalls later than FO for which

a similar analysis can be made, Search of the recent literature reveals that Lunel

(1960) has obtained the . ifrared m agnitudes of 20 stars with narrow band filters

centered at I.1 and 2.2 microns, and that Mitchell and Haynie (1961a,b) have

measured 42 stars with instrument responses similar to that of the K and L

magnitudes of Johnson (1962), Consequently, if additional data for other wave-

length regions could be found, it would be possible to synthesize spectral energy

distributions and derive bolometric corrections for a relatively large number of

stars.:

It was decided that as much additional data as possible would be used, thus,

data obtained from photoelectric spectrum scanners were included along with data

of the type used by Johnson. Magnitudes and colors were otained from the fol-

lowing data sources and reouced to the system of monochromatic magnitudes of

Code (1,60) by ti.e methods described in Appendix I: U,B,V - Johnson and Morgxi

(1953), Johnson and Hiltner (1956), Johnson (1955), Johnson and Harris (1954), P,V

- Eggzn ('1955,. 195"), R,I - Kron and White (1953), Kron and Gascoigne (1953), Kron,

Gascoijne a,,' VWnate (1957), Six Color photometry - Stebbins and Whitforo (1945),

Steubins and Kron (1956), Kron (1958), Scanner data - Bonsack ind Stock (1957),

Code (1960), Oke (1960), Hall (19411, The decision to use only photoelectric

observations precluded the use of the relative energy disTributions which were
determined photographically (Hoff, 1939 ana Kienle, Strassi, and Wempi, 1941).

Lack of sufficient auxiliary data for 18 stars reduced the orginal list to 71,

of which 53 are later than FO V.. Of the 53 stars used for drtermination of

ccrcioo havc ozly Z J- - - - - -e -_a ILt -, W I II

the spectrum, 67 percent have more than 10 points per star, and 46 percent bave In

excess of 20 points per star, The maximum number of data points available on

any one star is 92.

Since the total number of magnitudes and colors to be reduced to Code's (1960)

system exceeded 1500, a computer program was written and the reductions carried

out on the Philco 2000 computer located at the Air Force Cambricige Research

Laboratories in Bedford, Massachusetts.



The monochromatic magnitudes m(n) obtained were reduced to monochromatic

irradiances H. (n) relative to the irradiance at X 5560 A through Code's definition

H (n)
m(n) = -2.5 log H . (7)H1 (1.80)

where n = i/X in microns- and H (n) is the monochromatic irradiance at the top
-2 -1 -i

of the earth's atmosphere in units of ergs cm sec cps evaluated at the wave-

number n.,

The resulting values of relative irradiance were plotted vet 3us the wavenumber

and the curves integrated by means of a polar planimeter. Typical examples of the

spectral distributions obtained are shown in Figures 6 through 10. Few spectra

exhibited greater dispersion than those shown. Integration of the spectra yields

the quantity

I N(=1) H 1v (8)1(1.80) f 0 H d .

Calibration of the V magnitude of Johnson and Morgan by Code (1960: and Willstrop

(1958) implies the following relation

V = -2.5 log H (1.80) + Const. (9)

and thus one may write from Eqs., 8 and 9

-2.5 log *) = mbol) - V + Const. (16

or

-2.5 log I(*) = B.C.(*) + Const. (11)

The constant in Eq., 11 may be evaluated for the sun by setting B.C.(f) = B.C.

(0), and the resulting expression for the bolometric correztion is

B.C.(*) = -2.5 log 1'() + 2.5 log 1(0) + B.C. (0)., (12)

Adoption of Eq. 9 for the V magnitude implies that ther-' is no dependence of V on

the color of the star, Tfis appears to be justified from the work of Willstrop (1958).,

His correlation of the V magnitude with magnitudes obtamned through a narrow band-

pass interference filter at X 5400 showed no dependence on B-V and only a residu~i

scatter of about 0.02 magnitude. His data cuvered the cange B-V = -. 24 to B-V

+1.4 magnitudes,
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In order to perform the integrations required by Eqs. 8 and 12, it as ecessary

to select a curve which best represents the spectra, destrlbution detined by the
plotted data points., In an attenmpt to reduce to a minimum the amount of subjec-

tivity which might enter into the selection of such a curve and to provide some

estimate as to the effects of data scatter on the derived bolometric corrections,

three curves were drawn tor each star.: The first curve was drawn by eye estimate

as a ''best it'' to the data points. The second was drawn t. include ail. the data

points below it, that is, it represents the maximum envelope defined by the data

points. The third curve was drawn to exclude all the dati points above it, it

represents the minimum envelope consistent with the data., The area under each
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curve was planimetered and a corresponding bolometric correction was derived

from Eq. 12., The mean value of these three values of B.C, was adopted as the

bolometric correction for the star, and the standard deviation cf the three from

the mean was adopted as a measure of the error,

Values of B.C. and the standard deviation derved in the above manner are

listed in columns 5 and 6 of Table 10 for all the stars considered, Those values

enclosed in parentheses are for stars for which. only 6 data points were available

and are thus of low weight. Stars for which no standard deviations are given

have well-defined spectra, but either an insufficient number of daa points or

insufficient scatter in the data to give a meaningtuil estirnate of the error,
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The value of I (0) required in Eq. 12 was obtained by integration of the mono-
chromatic solar irradiance relative to n = 1.80, which was calculated from the
solar energy curve of Goldberg and Pierce (1959) (see Appendix I). The value

-0.07 mag., was adopted as the bolometric correction for the Sun in agreement with

the zero point of K-1'per's ?1938) scale.

Mean values of B.C. as functions of spectral type derived from Table 10 are
given in Table 11. Aside from the zero point correction of -0.07 mag. the values
are in close agreement with those obtained by Johnson (1962) for luminosity class
III, but tend to be generally smaller for main sequence stars., For the purpose of
computing means it has been assumed that gM3,. gM4, andsgM6can be equated to
M3 III, M4 III, and M6 III (Eggen, 1955).

TABLE 11. The bolometric correction as a unction of
spectral type

Sp. B.C. Sp., B.C., Sp. B.C.

G8III (-.12) MOIII -1.14 GOV -. 06
KOIII -. 28 M21UI -1.52 G2V -. 07
K21_ -. 47 M3I! -1.68 KOV -. 08
K3KII -. 50 M411I (-2.18) K2V -. 11
K4111 -. 77 M6111 (-2.68) K7V -. 87
K5III -. 98 M2V -1.20
KOII -. 43 M5V -2.35

K31I -. 85

Figure 11 shows the relationship of B.C. to the B-V color of Johnson and
Morgan (1953) as determined by 40 stars of the list for which B-V colors are
available (Table 10, column 3). The plotted points show considerable scatter as
well as a tendency for main sequence objects to lie above the mean curve. The
three stars of luminosity class Ib all lie below the mean curie. It should be noted
from examination of Table 10 that the majority of stars considered are of

luminosity class III, 'and thus relationships between the bol',metric correction and
color indices are biased in this sense, Values read from he curve of Figure 11

are listed in Table 12.
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TABLE 12. The bolometric correcticn as a function of the B-V
color of Johnson and Mlorgan (1953)

B-V B.C. B-V B.C.

+.5 -. 03 +1.1 -. 34

+.6 -. 06 + 1'2 - 45

+.7 -. 09 +1.3 -. 59

+.a -. 12 +1.4 -. 75

-.9 -. 17 +1.5 -. 95
[ 1.0 -. 24 +1.6 -1.31

The r elationship of B.C. to the V-I index of Six Color photometry is plotted in

Figure 12 for 31 stars in the list for which V-I data are, available (Table 10,

column 4)., A mean curve seems fairly well defined and the scatter of points are

random with the exception of )'And (V-I = +1.30) which appears to have a much too

large B.,C., for its color index.. This star is known to be a member of a

binary system (spectral type of companion is AO), however, the separation is

fairly large, being about 12 seconds of arc.,

From the limited data available there is no evidence of separation of the
stars according to luminosity class. Values read from the curve of Figure 12

are listed in Table 13.,

TABLE 13. The bolometric correction as a function of the V-I index
of Stebbins and Whitford (1945)

V-I B.C., V-I B.C. V-I B.C.

0.00 -. 07 -i .50 -. 54 +2.75 -1.29

+1.75 -. 66 +3.00 -1i.50
+,50 -. 18 +2.00 -. 7R +3.25 -1.74

+.75 -. 26 +2.25 -. 93 +3.50 -2.04

+1.00 -. 34 t-2.50 -1.09 +3.75 (-2.38)

+1.25 -. 43
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With the exception of Johnsonl (1962) the bolometric' corrections obtained here

are systematically smaller in absolute value than those derived in previous dis-
cussions. Comparison of B.C. for 27 stars in common with Kulper's list shows
the derved values to be 24 percent smaller than those obtained by Kuiper, A

simizlar comparson between Eggen (1956) anti Kuper (1938) shows Egen's values

to be 16 percent smaller than Kuiper's,. Since the same data were used oy both
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authors and treated in the same manner, one must attribute the 16 percent reduction

to a systematic difference between the photoelectrically measured VE magnitudes

and the photographically determined IP v used by Kulper, Thus, the definition of a

scale of bolometric corrections in terms of only photoelectrically observed

quantities implies a new scale which will d ffer systematically from that adopted

in 1938 and in the direction indicated by Eggen.

All determinations of bolometric corrections previous to Johnson (1962) have

relied upon measures of radiometric nagnitudes. Corrections for atmospheric

extinction in the zenith amount to about 0.4 ot 0.5 mag. Furthermore, reduction of

the observed magnitudes to the zenith have assumed the following dependence on

zenith angle z

m = k(sec z-l) (13)

while the recent paper of Gates (1960) implies that air mass corrrctions for radio-

metric quantities would more nearly follow a relation of the form

m = kl(sec z-!) + k 2 (sec z-1)I! 2  (14)

where the relative 1ralues of the coefficients k I and k 2 would be dependent on the

temperature of the star. The linear term accounts for scattering processes and

weak molecular absorption such as occur in the far wings of the atmospheric

absorption bands of H20,, and the term in the square root accounts for extinction

within the molecular absorption bands.

Values for the zenith extinction used at Mount Wilson were obtained from

measures of the extinction of the solar spectrum. It is well-known that for the

cooler stars, depression of the stellar continuum by contribution of molecular

absorption bands to the opacity can become large. In particular, the great abundance

of thp R ) molprule predicteo for late tve stars might well be expected to depress
the continuum in the same spectral regions as are obscured by water vapor in the

earth's atmosphere., Corrections for zenith extinction based upon the solar sptc-

trum would then be overestimated and lead to ar overestimate of the bolometric

correction.

Magnitudes measured in the infrared through narrow band filters which peak the

photometer response in the atmospheric "windows" require only small corrections

for extinction as compared to the broad band rad-metric measurement. In addition,

the use of a narrow band of wavelengths greatly reduces the effects of color on the

extinction,
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Advances made m the last few yt-ars in unfrared detectors and technology

together with the selection of narrow spectral regions not subject to large fluctua-

tions in water vapor transparency, allow one to obtain measurements of faint stars

at signal-to-noise ratios far greater than those attainable by Pettit and Nicholson.

The above considerations require one to conclude that the bolometric correc-

tions derived from stellar spectral distributions are irlerently better determined

than those derived from radiometric magnitudes., One may argue that the spectral

distribution method suifers from the necessity to interpolate the energy curve over

wide regions in the infrared ior ,,hich grouna based measur _meiits are not possible.

However, in the process of reducing radiornetric magnitudes, the required inter-

polations are implicit.

The average value of the standard deviations listea in column 6 of Table 10 is

0.04 mag., and for the most part reflects the errors incurred in transformation of

the various magnitude systefns,

4. CONCLUSION

The bolometric corrections in Table 9 are recommended for the range B-V

- 0.0 to B-V = +0.50, Their accuracy reJles upon the carefully revised temperature

scale of Popper (1959) and fairly detailed monel atmospheres.

For stars hotter than AO the situation is not as favorable. Current model

atmospheres predict a fairly well definea scale of boiometric corrections;, how-

ever, the data of Stecher and Milligan (1962) suggest that car current concepts of

the atmospheres of early stars may be incorrect., If stellar models such as those

proposed by Meinel (1963) are indeed representative of hot star 9, the scale of

bolometric corrections will require a drastic revision, as well as present theories

of stellar evolution. Until additional data are av,.ilable from rocket or satellite

observations of the spectrum down to the Lyman limit, it is rpcommendJd that

the bolometric corrections of Table 8 be used with caut.ion.,

For st.rs with B-V greater than - 0.50 the values listed in Tables li. 12,

and 13 are recommended. The prectsion of these valu- 'relies on photoelectric

measurements and the accuracy of the transformation of magnitud- and color

systems. The infrared magnitudes were measured in spectral regions of high

atmospheric transparency, thus minimizing the eri or inherent in the correction

fcr extinction. It is noted again that the £tars consider d here are largely of

luminosity class III., Infrared ooservations of main sequence objects for which

auxiliary data arp alreaul, available would put ttus scale on a more firm basis.



32

Measurements of radiometric magnitudes irom a high altitude balloon platform

would provide conclusive data or the bolometr,'c correct:on for the stars of late

spectral type., Observations from rocket and satellite altitudes will be necessary

for the hotter stars,

The scale of bolometric corrections presented here embodies revisions of

sufficient magnitude to warrant a rediscussion of the empirical mass-.uminosity

law..
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Appendix I: Conversion of'Magnitudes and
Colors to Monochromatic Fluxes

1. GENERAL CONSIDERATIONS

The defimtion of an apparent stellar magnitude m is given by

m =-2.5 log j0CO S H dv + Cm (-

where m is the apparent magnitude outside the earth's atmosphere, SV is the

normalized receiver sensitivity function and includes the transmission of filters

and optics as well as the spectral response of the detector, H. is the monochromatic

stellar irradiance at the top of the atmosphere (ergs cm " 2 ec - 1 cps l), and Cm

is a constant which determines the zero point of the magnitude system..
In multicolored photometry it is convenient to relate magnitudes

measured with different receiver sensitivity functions to each other through a

color index which is reduced to a common zero point for stars of selected spectral

type. Consider, for example, a two-color systeri, m, k, then

m =-2.5 log f 0  SH du + Cm (I-2)

k -2.5 log f0o TVHV,-lv + C k ( -3
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where Ty is the receiver sensitivity function correspondi.ng to the magnitude, k.

The zero point for the system is arbitrarily defined such that the color index (m-k

= 0.0 for a star of spectral type and luminosity class X, that is, m = k for a star

of spectrum X. Thus one may wi'ite:

Cm. k X) + 2.5 log f0 S VH (Xdp (1-4)

Ck m (X + 2.5 log f0 T'',H,(Xld (1-5

or

fj' S H dv T H dv~
(m-k) -2.5 log 0 V + 2.5 log (1-6

c S H (X) dv i0 T H, (X dv

0 I

where H (X) is the monochromatic irradiance from a star of spectrum X,

Since it is desired to derive H i from the measu-ed magnitudes and color

indices one must consider the integral

0 Sf H dv (-?)

It has been shown by Stromgren (1937, that H may be expanded about H O to

give the following form

H + l/2)) - - fj Sdv (1-8)
0 d2 V0  2

where

0 VS1 dL (-9)j n . S d v

and

f120(V JO*(, -0 ) 2 S dv/ foo S Vd v i- 10)
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Thus Eq. I-I may be rewritten as

m =-2.5 log ZEI + AH) - 2.5 log j 0  Sdi, + C m

where A H is considered a correction term given by the second and poss:bly succeeC -
irg terms :f the expansion in Eq, 1-8. Expanding the logarithm one obtains

jg gHV + AH) log Ii. 2 A2H+ 3(2H + 3H) + - - - (1-12)
L0  0 2 11'3(H+AH

which for A H< H reduces to

log(H + A H-= log + -H (H- 13)

and Eq. I-1l becomes

m -- 2.5 logH 2.5 PT 2 5 log 0  Sd+ C (1-14)0o

Consider now the term in A H. Dropping terms higher than the second in the expan-
sion of Eq, i-? we derive,

2 H -((5) 42 d 2 H - -2.5((L2 ( dH(-15)2 V V ~ 2 d f 0

or

-2.5 (A -H 2.5 b b- -I dd m u \ V (1-16)
H di' di' )v dv b-AV 04,(Ii

where b is a constant. From Eq, 1-16 it is seen that - is a "color term", that is,
it represents a change in color index with frequency.:

..... -,-- a',-- VW LW2, uvious two-color example, Eq. 1-6 becomes
1I H ~ HV AH

(m-k) - 2.5 iog H + 2.5 log H k  ) HM H (1-17)

1) ((X) LVL

- AH V (7) A H -K)l X .
L~~ ~ 11VW
M,
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and since the last term in Eq 1- 17 vanishes for (rn-k) 0, it must be a function of

-(m-k), that is
A Hy A Hu

-= 0 m-k) (1-18)
H, H

2. MONOCHROMATIC MAGNITUDES

Ir: order to synthesize the absolute energy distribution in a stellar spectrum, it

,s necessary to reduce the measurements of magnitude and color on various systems

to nonochromatic fluxes, However, for the purpose of deriving bolometric cor-

rections, it is only necessary to obtain the monochromatic fluxes relative to the flux

at a common frequency. The monochromatic magnitudes of Code (I-oO) provide an

accurate and convenient system to which the magnitudes and colors of other systems

may be reduced,

'The monochromatic magnitude is defined by

S(n) 2.5' H (n) (1-19)m (n = -2.5 og 1 (1.80)

where m (n) Ls the magnitude per unit frequency interval relative to n = 1.80

microns -, H (n) is the monochromatic irradiance at the top of the atmosphere, and

- - n is the wavenumber in reciprocal microns, that is

1 -1 10 (14 (
X = " m icrons c ( -20,

where c is the velocity of light, Consider now the magnitude X where
'-/A HO. )

X=- 2.5 log H (v0X) - 25 2.5 log fo S (X)dV + CX (1-21)
\L'oxH / V

ana substituting Eq. 1-19 gives

X = m (n - 2.5 log H (1.80) - 2.5\ H- 0X - - constant (1-22)

o XLOox/

Now let (A 11) 2.5f~ H0i D 3fnin ' a magnitude V sucli that ai (V) 1.80

-l
microns one may write

V - 2.5 log H (1.80) - 0 (A n) 4 constant (1-23)
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which, after substitution and rearrangement yields the result

m (n x) (X-V) + [ (A n) - O' (An)] + constant (1-24)

where the term 0 (An) is proportional to the rate of change of the color curve
I I

evaluated at the constant energy wavenumber n of the X magnitude, and 0 (A n) is

proportional to the rate of change of the color curve evaluated at n = 1.80. Thus,

the transformation from a color' sys-em conta-nmng V to monochromatic magnitude

will be a function of color onjy.

3. REDUCTION OF U, B, V DATA TO THE SYSTEM OF CODE (1960)

Constant energy wavenumbers for the U, B, V magnitudes of Johnson and Morgan

(1953) computed from Eq. 1-9, (Code 1960), are shown in Table 1-l,

TABLE 1-1. Wavenumbers for U, B, V system

U B V

n 2.89 2.29 1.83

Writing Eq. 1-17 in terms of the B and V magnitudes one obtains

(B-V) = 2.5 log H + 2.5 log 17 iL(2,9)iAV) (1-25)H (2. 2 H I .83) AV

2 AH 2.29- AH (1.831" s
L2.5 H (2 2) H -. 83)3 + constant

Eq, 1-19 in ternis of the 1 ano V magniiud buu.,es

rn (2,29) - m (1.83) = 2.5 log H (1.8?) (I-26)• ' ~H (2.29,q ( 6

and combining ith Eq. [-16 and 1-25

(B-V) = m (2.29I - m (1.83) + 2.5 log .b)9AOV) d-27

H (1.33) (AuV) -

- (B-V) - constast
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Noting that the third term on the right stde of Eq., 1-27 is a constant and m (1.83)

m (1.80) = 0, Eq. 1-27 may be written

m (2.29) = (B-V) + 0 B-V) + C (1-28)

or representing 0 by a polynomial expansion we have

m (2.29 = a 0 - a1 (B-V1 - a, (B-V) - - - , (1-29)

and in a similar manner

2m (2.89) b0  b (U-Vp + b 2 (U-V) + - ~(1-30)

11
The coefficients, a 0 , all - - - - b0, bil - - - -, may be evaluated from the

monochromatic magnitudes of the stars in Code's (1960) list, and their U, B, V

magnitudes as measured by Johnson and Morgan (1953), Johnson and Hiltner (1956),

Johnson (1955), and Johnson and Harris (1954). Table 1-2 presents the stars from

Code's list for wnich U, B, V data are available together with the interpolated values

ot m(2.29) and m(2.89). Figure I-i is a plot of m(2.29) against B-V, and Figure 1-2,

a plot of m(2.89) versus U-V. It is evident from these figures that if a nonlinear

tern is present in these relations, then there is insufficient data to evaluate the

magnituae of that term.

On the basis of these plots the data were fit by the method of least squares to

m 2.29= a 0 + a 1 (B-V/ (1-31)

and

m i2.89 - b+ b. (U-V), (1-32)

and the following transformation equations derived:'

m (1.83) z 0'.0

m (2.29) = 1.000 (B-V) - 0.102

rm, (2.89) = 1.049 (U-V) + 0.881
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TABLE I-2., U,B,V data and associated monochromatic
magnitudes for the stars of Coae (1960)

Star Spect. B-V U- B U-V m(2.29) m(2.89)

10 Lac 09 V -. 20 -1.04 -1.24 -. 30 -. 46

E Ori BO Ia -. 20 -1.06 -1.2 -. 24 -. 43

v On BO V -. 27 -1.i] -1.38 -. 36 -. 53

77 U Ma B3 V -. 20 -. 68 -. 88 -. 31 +.03

0 On B 8 !a -. 03 -. 69 -. 72 -. 13 +,04

"Lyr AO V 0.00 -. 01 -. 01 -. 16 +1.09

" Cyg A2 la +.09 -. 25 -. 16 +.07 +1.03

/3 Tr A5 III +.13 +.08 +.21 0.00 +1.48

p Ari A5 V +.14 +.10 +-.24, -. 04 +1.30

p Gem FO V +.31 -. 04 +,27 +.21 +1.37

7T30r F6 V +.46 0.00 +.46 +.32 +1.34

X Ser GO V +.60 f. 1 +.71 +.54 +1.56

16 Cyg A G2.5 V +,64 +.19 +.83 +.50 +1.66

51 Peg G4 V +.68 +.20 +.38 +.54 +1.59

16 Cyg B G4 V +.66 -:-.20 +.86 +.57 +1.73

a Tau K5 III 1-1.51 +1 .81 +3.32 +1.76 +4.36

61 Cyg A K5 V +1.19 +1.10 -2.29 +1.26 +3.38

y On M2 !a +1.68 +2.47 +4.15 +2.15 44.96
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Figure I-1, Plot of rn(2.29) from the Data of Code (1960) versvs
the B-V Index of Johnson and Morgan (1953).



47

+5

+4

+3 -

+2 -

+1

,, II I I L
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Figure 1-2. Plot of m(2.89) from the Data of Code (1960) versus
U-V of Johnson and Morgan (I qF-).

4. REDUCTION OF THE P, V DATA OF EGGEN (1955, 1957) TO THE SYSTEM
OF CODE (1960)

The constant energy wavenumbers for the P and V magnitudes calculated from

numerical integration of the published sensilivity curves of Fggen (1955) are

n (V) = 1.3 microns-

n (P) = 2.31 microns
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In the same manner as Section 3, one may derive an equation analogous to

Eq. 1-27, that is

(P-Vi = m (2.31) - m (1.89) + 2.5 log H (2.31) P-V = 0)HI (1.89) (P-V 0) + 0 (P-V)

or

H 23)(P-V 0)m (2.31) = (P-V) + m (1.89) - 2.5 log H (1.89) (P-V 70) + (P-V) (1-33)

However, m (1.89) may be considered a correction term due to the shift of zero

point with wavenmunber from Code's m (1.80) and thus m (1.89) will be a function of

color, that is, m (1.80) = m (1.89) + Am (P-V), and expanding in a series of

polynomials,

2m (1.89) Z a0 + a I (P-V) + a 2 (P-V) ....

and

.m (2.3 b + b (P-V) + b 2 (P-V)2  -

.... - Table 1-3 is a tabulation of the stars from Code's list for which P, V data are

available. Altnough the number of stars is 3mall, the relationships as shown in

TABLE 1-3. P,V data and the associated monochromatic magnitudes
for the stars of Code (1960)

Star Spect. V P-V m(1.89) m(2.31)j

77 U Ma B3 V 1.89 -. ,112 -. U66 -. 32
6 Cyg B9.5 YII 2.87 -. 155 -. 031 -,17
0 Ari A5 V 2.7 ( +.021 0.00 -. 04

p Gem F0 V . 4.21 +.207 +.046 +.23
a Boo F2 V 4,48 +.236 +.052 +.31

ir3Ori F6 V 3.16 +.334 +.051,  +,34
X Ser GO V 4.39 +.504 +.087 +.54

51 Peg G4 V 5.46 +.572 +.098 +.85
a Tau K5 I1 0.77 +1.454 +.291 +1,70
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Figures 1 3 and 1-4 appear to be fairly well defined and a I east squares solution

yields the transformation equations

m (1.89) = 0.195 (P-V) - 0.003

and

m (2.3i) = 1.163 (P-V) - 0.014.

1.6

1.2

.1 .8

0.4

0.0

-0.4

I I!I . ,

-0.4 0.0 "0.4" +0.8 +1.2
P-V

Figure 1-3. Plot of m (2.31) from the Data of Code (1960) versus
tha P-V Index of Eggen (1955,1957>.
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5. CONVERSION OF THE R AND ! MAGNITUDES OF KRON AND WHITE (1953),
KRON AND GASCOIGNE (1953), AND KRON, GASCOIGNE, AND WHITE (1957) TO
THE MONOCHROMATIC MAGNITUDES OF CODE (1960)

The constant energy wavenumbers for the R and I magnitudes obtained from Kron

and Smith (1950) are

-I
n (R) 1.49 microns

-I
n (I) 1.21 microns

The R, I magnitudes taken with the P, V magnitudes of Eggen may be considered to

form a four color system, since the zero point for R, I is defined as R = I = P for

stars which P-V = 0., Thus, ia the manner of Section 3 dne may derive

(R-I) = m (1.49) - m (1.21) + 2.5 log _H 1.21) (P-V O) - (R-I) (1-33)

and following Section 4

m (1.49) = a 0 + a1 (R-I) + a 2 (R-) 2 + .- (1-34)

m (1.21) = b0 + b1 (R-I) + b (R-I)2  
- - -. (1-35)

The corresponding data of Code and Kron, and others, are presented in Table 1-4

and plots of m (1.49) and m (1.21) versus (R-I) are shown in Figures I-5 and 1-6

Least squares solutions yield the following reduction equations:"

m (1.21) = 0.308 - 2.23 (R-I)

m (1.49) = 0.106 - 1.208 (R-1).:
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TABLE 1-4, R,I data and the associated monochromatic magnitudes
for the stars of Code (1960)

Star Spect R R- m(i.48) m(1.21)

Ori BO Ia 1.88 -0.20 +.28 +.64

v Ori BO V 4.84 -0.25 +.46 +.90

0 Or 138 !a 0.30 -0.08 +.16 +.48

t Lyr AO V 0.15 -0.09 ,.23 +.48

ITr Io 2.TS . - 23

Ar A5 V 2.75 -0,02 +.17 +.40

7T3 Ori F6 V 3.05 +.16 -. 09 -. 03

X Sen GO V 4.2U -3 -. 15

61 Cyg A K5 V 4.60 +.47 -. 47 -.76

I o II I

+0.8

0.4

-0.4 r

-0.8 1 I
-0.4 -0.2 0 +0.2 +0.4

R- t

Figure 1-5, Plot of m (1,21) of Code versus the R-I index of Kron,
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Figure 1-6. Plot of m (1.49) of Code versus the R-1 index of Kron.

6., IEDUCTIYON OF THE SIX COLOR PHOTOMETRY OF STEBBINS AND WHITFORD
(1945), STEBBINS AND KRON (1956), AND KRON (1958)

l'aDle i-) gives tn constant energy waven L i ; t'L sx oicr.-.y,,,-:,, aj

obtained by Stebbins and Kron (1957).

TABLE 1-5, Wavenumbers of Six Color Photometry

U V B G f. I

n 2.84 2.45 2.08 1.74 1.48 1.09
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The six colors are .,cior indlccs.. They represent magnitude differences referred

,to +he mean value of BGR for each tar measured. The common zero point of the

system 2s then set by reduction of the colc's to the standard U -- V = B = G = R

I = 0.t for the mean value of the colors of ten stars ot spectral type dG6.

Consider the magnitude Zm where Zr, can be any one of the measured magitudes

for the above six colors, thei :n gereral

Z = - - = log f0 S, Z 11 d,, + constant (1-36)

and defining the mean of measured BGR magnitudes ZB0 ZG' ZR as Z , then

Z= +Z f- Z R 2 .5 SH
--=3 - log J S' (Z B ) H d (1-37)

gd- ) H du + constant.log f 00 S V ,ZG)Hd og foSV0

Defining Z'as the color of Zm related to the mean of BGR and expanding in the

form of Eq., 1-14 cne obtains

.5 r C 00f
Z Zm 3Z=- log JO Sl (ZB) dv, J 0 S V(Z) dvJ. joS (Z R' dv

3 BG HB AH G  H a

AH Z G

-2.5 log 1 2. -2. 2.5 lo J SI nZ dY

+ constant (-38)

The reduct~on to the standaro dG6 3tar tlen results in the color Z,
/HZ F AHz AHZ

Z Z Z(dG6) = -2.5 log m - 2.5 K Z M HZ m

Zn-kG6 m m ,(dC6)

+2.5 ]log B log + log
B (dG66 G dG6) HR "'GS)

[B H (dGO6) F A HG AHG (dGG
4_ [AHBI + ^^

B H B 3 (dG6 ) H~ - H- (dG6)]

[H R - H R (dG6) j(-39)
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The term with:n the braces ts a constant for any oato:oular ,tar and thus apples

to all six colors. :t provides normalization of the received flux to a constant energy

wavenumber near that of the G mgnitude.: Thus, trie color Z is a meas-ure of the

flux received at the n (Z) wavenumber relative to that receixed iron a dG6 star ot

the same apparent magnitude-

The six colors may be reduced to a star of solar type %G2V) by comparison to

stars common to the list of Stebbins and Kron (195 ), for which the colors of the sun

were taken to be zero, and the list of Stebbins and Kron (19560 rr erencea to dCt.

Table 1-6 presents these data and the deriveu correction term

A m (n) = m(n) 1957 -mn(ni 1956.

TABLE 1-6. Comparison of the data from Stebbins and Kron (1957)
with Stebbins and Kron (1956) for reduction to the sun

Star Spect. U V B C R I

Com GO V -. 08 -. 07 -. 05 -. 03 +02 -. 01 m(n), 1957

-. 26 -. 16 -. 06 -. 02 +.09 +.10 m(nI, 1956

+.14 +,.09 +.01 +,.05 -. 07 -. 11 Ar.

X Ser G0.5 V -. 05 -. 07 -. 04 .02 +,-02 -. 06 m(n, 1957

-. 13 -. 10 -. 03 -,01 --. 03 L.17 r(n), 1956

*,08 +.03 -. 01 +.03 -. 01 -. 23 AnI

HR 483 (,2 V +,.06 -.00 .00 .00 .00 -,09 m(n), 1957

-. d -. 14 -. 03 -. 02 +.05 +.I I r(n), 1956

+.27 444 .03 +,02 +.05 -. 20 Am

-. Peg G4 V 0, t.5 .0c +.01 -. 01 -. 1i rnn,, 1957

,-+.M2 -. UJ -. Ui -. 01 -,02 .

- +.13 .08 +.01 -. 02 -. 01 -. 21 an

Mean Amn .15 -. 08 '-.01 -. 03 -. 04 -. 1I
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The mean values of A r(n) from the Table 1-6 have been chosen as the appiopriate

terms to be idded algebraically to t:e six tcolors for reduction to G2V, and the

monochromatic fluxes relat"'z tc n - 1.81) are cak.ulafed from

Z + Am(n) - Z 1.80) l-o. og -2.5 log ( () G2V
H 71.80)H (n) G2V

or

m(n) = -2.5 log- Z + Ai 'n) Z (1.80) -2.5 log H (,) G2V
(1.80W 1 U))0- G-V

where

Z (,8) 8.0lo (I-42
H (1.80) VZ (L8S0) = -*5 lug H-(1.80) GiV , (1-4

and is determined from linear interpolation of the B and G colors,

Z (1.80) = B + (B-G) (1.80-2.08)

Z (1.80) = 0.176B + 0.824G. (I-43)

The last term of Eq. 1-41 is tne monochromatic. magnitude of the Sun at the

wavenumber n. Values of the solar monochromatic irradiance H' (ergs cm-2 " -I

cps-1 are given in 'able 1-7 as calculated from the HX (watts/cm'/micron) data of

Goldberg and Pierce (1959) Also tabalated are monochromatic magnitudes calculated

by Eq. 1-19.,

It should be noted that in Eq, '-4. terms of the form n have been dropped. This

could lead to a systematic erro- in the derived monochromatic fluxes; howevur, these

terms will approach zero for stars of solar type, and Whitforci's (1958) evaluation

finr', mnvinmiim nf A-H = 01 miantiiH1q for qtirq of qrni(trnl tvn 1R Thiis it l,

assumed that any systematic error introduced will be small,

Th e final redaction equations are as follows:

m (2.84) = U - Z (1.80) + 1.673

m (2.45) = V - Z (1.80) + 0,778

m (2.08) = B - Z (1.80) + 0.197

in (1.74) G - Z (1.80) - 0.018

-n (1.48) R - Z (,80) - 0.218

m (1.09) I - Z(1.80) - 0 411.
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7. " REDUCTION OF THE INFRARED MAGNITUDES OF JOHNSON (1961), LUNEL (1960),
AND MITCHELL AND HANIE (1961) TO MONOCHROMATIC MAGNITUDES

Recently 'three investigators have published measurements of the infrared

magnitudes of stars obtained with relatively narrow b ndpads filters, These are the

K1 and L magnitudes of Johnson (1961), the m x and my ma4nrtuds of Mitchell and

Harne (1961, 1961a), and the inG+1 and mA+G of Lunel (1960),

The K and L magnitudes were measured at McDonald Observatory with a

refrigerated indiu-n antimonide detector using square bandpass interference filters

to isolate the two spectral regions, The m x and my magnitudes were obtained at

Mt., Wilson Observatory and Perkins Observatory using a cooled plurnbide Oetector

and bandpass interference filters.: The mG+1 and mA+G magnitudes were meas,,.-ed

at the Haute-Provence Observatory using a cooled lead sulfide deteutor; for maG+ V
a long wave cut-off interference filter pius a filter composed of germanium, and,

for mA+G, a filter composed of alum and gelatin. The constant energy wavenumbers

for these magnitudes are given in Table 1-8.

TABLE 1-8. Constant energy wave'iumbers for
infrared n agnitudes

K L m x  my mA+G raG+1

n .454 .270 .453 .268 .846 445

The values for nx,, m, mA+G, and m G+1 were calculated from Eq. 1-9, while the

values fol K and L were obtained from Johnson (1 6]).

The above magnitunes are on a system such that (K-L) - (m-my) = (inXGmflI)
0- 0 for an A0! r star_.

The K and L magnitudes have been reduced to monochromatic mag ntudes by

reduction to the Sun (Table 1-7) and the mean colors of the stars HR 483, 3 Con,

and Her, 0 Corn and Her were considered usable since the-.r effective tempera-

tures, as given by Keenan and Morgan (1951), do not differ appreeably frcm those

of HR 483.

Table 1-9 presents this data.
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TABLE 1-9, Data for reduction of K and L

Star Spect. K K-V K-L L-V T e(K)

HR483 G2 V 3.3G -1.55 - - 5730

t' Corn GO IV 2.77 -1.53 +,22 -1475 5750

Her' GO IV 1.32 -1.50 +.16 -1.66 5750

Mean -1.53 +.19 -1.70 -

The reduction equation for K is

(K-V) = -2.5 log H .454) 2.5 log H (.454) (AOV) (1-44)H 1.80) H i.8O1.30'77V 1-

which for a star of solar type beconies

2.5 log H (.454) (AOV) (K-V) -m (.454) = -2.01.

H (I80) (AOV) G

Thus Eq. 1-44 becomes

m (.454) = (K-V) + 2.01 (1-45)

and sinlarny fcL the L magnitude we have

m (.270) = (L-V) + 3.05., (1-46)

E.:'amination of Table 1-8 reveals that the wavenumbers of rex, K, and rnG+, are

very nearly the same, thpt. is, 0 = 0.450 = .005. Plots of r.1 and mc+ versus K,

shc,[n m Fig1 .irp T-7 ;nd 1-8. snow m and ma, to bE linearly related to K. Thus,

reduction equations for m xaind m can be derived from Eq. 1-45,• -' x G+1

m 1.445) = 0.912m .-V + 2.01 'I-47)

and

ni (.453) = (m x-V) + 2.01 (1-48)

for the observations made at Perkins, and

m [.453) = (m x-V) + 2.18 (I-49)

for tho'e made a't Mt. Wilsou.
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Figure 1-7,- Comparison of m x of Mitchell and Hayme

with the K Magnitude of Johnson.

In a imilar manner, the magnitudes L and m may be related (see Table 1-8
y 1

and Figure I-q), and thFw following reductions derived for the Mt. Wilson da'za

m (.268) = 1.08ny -V + 3.20. (1-b0)

and for the Perkins data

m (.26) = 0.728my ' V + 2.18. 
(1-51)
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0 -1 -2 -3 -4

Figure 1-8, Corparison of the N Magnitde of Johnson
wi-h ia:+i of Lu,

In tLe case ot those stars for wnich no V nag tude is available on Johnsonlo
- :system, the V magnitude of Egge, has been used in the reduction equations. Figure

1 10 is a plot of V versus VE for the stars cu.-sidered in this paper. For practical

purposes the correlation i3 one to one,
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-2 -
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0 -1 -2 -3 -4 -5
m

/

Figure 1-9. Comparison of the L Magnitude of Johnson
with tne m $ Magntude of Mitche~l and Haynir,y

The magnitude mA.G may bF. reduced to a monochrorriatic magrutue from

'm -V) = rn .846 -n t1.80) + Constant (1-52)SA+G '

where the censtant may be evaluated from

Conistat, = (n-A+G -V) - rm (.846) ., (1-53)0 (D
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Figure I-10. Comparison cf the V magniude of Johnson
and Morgan with that of Eggen,.

The value or mte Inae: tlfA+G -J wau obU - -n - -" .P I1OQA,

and m (.846) )was read from Table 1-7. The resulting reduction equation is

m (.848) - (mA+G -V) + 0.778.

A, a check oni the accuracy of the reductionst the same procedure was ued fir

m (.445) to give

m (.445) - (raG-1 -V) + 2.17.

Values of m (.445) calculated from Eq. 1-55 agree with those .' Iculated from 1-47 to

within t 0.1 magnitude.
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Monochromatic magnitudes calculated from the equations developed in this section

(Section 7) may be expected to have larger uncertainties than tiuse derived in the

pievious sections. This is because there are few stars avai Lable for .ransformation

of the zero point, thus requiring one to rely heavily on the measured values of one

or two stars rather than on mean values. An additional factor contributing to the

uncertainty arises through the inability to derive empirical cor-ections to the flux
due to color terms of the type--H Tc properly evaluate the effect o1 such terms,

one will need data taken with a apectrum scanner operating in the infrared region.

8. CONVERSION OF SPECTRAL SCANS TO THE SYSTEM OF CODE

Reduction of the spectral scans of Bonsack and Stock (1957) to that of Code was
accomplished by the addition of the n:a.ninidea -. m listed in Table 1-10. These
values were taken from T.,ble 3, page 111 of tne nbove referenced paper.

TABLE 1-10. Corrections to ronvert '.he spectrai scan of Bor'sack
and Stock to monochromatic magnitudes of Code

n Am n Am n Am

2.04 -. 02 2.38 -. 22 2.63 -. 25
2.08 -. 05 2.40 -22 2.72 -. 43
2.12 -. 08 2.44 -. 23 2.76 -. 44
2.16 -. 11 2.48 - .;4 2.80 -. 45
2.20 -. 12 2.52 -. 27 2.84 -. 55
2.24 -. 15 2.56 -. 25 2.88 -. 74
2.28 -. 17 2.60 -. 26

2.3 -192.64 -. 27

Reduction of the sca,,er data of Hall was accomplishd by the addition of the
magnitudes Am listed in Table I-li for each wavelength and reduction by the V
magnitude of Johnson. These values were taken from Table 9, pag,. 84 of Code

(1980).

The opectral data of Oke (1960) requixes no correction, a 't in presented on
the syntem of Code.
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TABLE 1-11. Corructions to convert the spectral scans of Hail to
monochromatic magnituaes oi Code

Amherst Data Sproul Data

X n .m n Ai

.450 2.22 -. 12 .-¥6 2 19 -. 11

.500 2.90 -,06 .505 1.98 -. 06

.550 1,82 -.01 .553 1.81

.600 1.67 K03 .601 1.66 +.l4
.650 1.54 +,22 .649 1.55 +.22

.701 1.43 +.2) .696 1.44 +.29

.751 1.33 +.38 .7 15 1.34 +.361

.801 1.25 +.50 .794 1.26 +.48

.851 1.18 +-.52 .14b 1.19 .51

.881 1.14 +.53 .889 1.12 +.53

.935 1.02 4-.60

1.032 0.97 -. 66

9. COMPUTER PROGRAM FOR THE, REDUCTION OF PHOTOELECTRIC COLORS
TO MONOCHROMATIC MAGNITUDES

The purpose of the computer program is to faclitatte the reduction of the colors

and magnitudes, measured on the various photoelectric, color ,ystem:3, to a common

system--the monochromatic magmtudes of Code (1960).

Magnitudes and colors are entered on one or more cards for each color system.

The cards are coded by placng an integer from I to 11 in the second column of the

data card, or in the first and second -olumns if the integer is ten or greater, This

integer identities the coior system ana cetermines the Le Oa CU1VeL oI Ui I t:

performed. A list ol the eleven da.ta codes are as follows:

Code 1. U, B, V data of Johnson and Morgan. Data tu. be entered in the order
Ti. (B-V, (U-B), K,. (K-L)

Code 2. Data of Lunel to be entered in the order mA+G, mG+1

Code 3. Data of Mitchell and Hanie to be entered in The order in., my

Code 4. Six Color Photometry of Stebbins and Whitford to be entered in the

oeder U, V, B, G, R, I

Code 5, P, V Photometry of Eggen to be entered in thR order V. (P-V)

Code 6. R, I Photometry of Kror., and others, to be entered in the order R, (R-I)

Code 7, Amherst data of Hall to be entered in order of decreasing waverumber
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Code 8,: Sproul data of Hall to be entered in order of decreasing wavenumbar

Code 9. Scanner data of Oke - in order of increasing wavenumber

Code 10.0 Scanner data of Bonsack and Stock - n order of increas.ng wavenumber

Code 11. Scanner data of Code - in order of dlecreasing wavenuinber,

Preceeding each set of cooed data cards must be a card which . entifies the star

and the number of magnitude systems (N) to be conside -d in the calculation for that

star, Thp information entered on this card, the star name, catalog-Le number, and

spectral type is read alphanume;-ically and storea in BCD for use as page headings

inthe output record. Any number of stars up to 999 may be included ii the input

data; however, the first card in the input deck must bear a single integer (NSTARS)

equal to the number included.

Any number of combination of dat- codes may be included for each star; however,

if a V magnitude is not entered in eithe; Code I or Code 5 no zonversion is possible

for data of Codes 2, 3, 7, and 8 since these require a t niagnitude in the calculation.

An additional restriction imposed on the data cards is that the data within each

code group be complete., If a magnitude or color is inissing or not available, then

the value 10.0 must be entered in its place, otherwise the missing magmitude will

be interpreted as m = 0.0 and tnus an error vill result,
Upon reading a data card, the program executes the branch indicated by the data

. .- code., The magnitudes are reduced according to the appropriate equations (as

previously derived), the corresponding wavenumbers supplied, and the results stored

in order of incrcasing wavenumber. After all the data on a given star have been

i educed the monochromatic flux relative to that at n = 1.80 is calculated. The

absloute value of the irradiance (ergs cm.-2 sec - cps - ) according to Code's (1960)

calibration of the V magnitude is alsc. calculated,

The following pages are a listing of the Fortran coded program, which, although

compiled in Altac and run on a Philco 200i - )mpiter, is tully compatible with the

IBM 7090 with the addition of the appropriate Monitor control cards. Following tne

program listirng is a listing ol typica) input aata car u .
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C PROGRAM? FOR CONVE.Rb'ON OF COLCRS TQ MONOCHPOATIQ rMAGN ITUD-ES
01MEL,3"ON XM-AC3(28),GNU(103),XMON(103',FLX(O~J),oTAR(18~,FFLX('1031,
1GGNO)103) ,iM 103) ,v(2) ,XIR(b) ,MM(LLJ ,tADFLXU2J ,)UNfilO3jp
2APLX(103)
READ INPUT TAPE 11,100INSTARS

JCO FORMAT(13)
12 READ INPUT TAPE 11,1Ol,(STAR()IhIr,3ji-HD,SPLCN

101 FORMAT) 3A6,F7.0,1A6vI2)
NN=N
K=O
DO 14 I=19103
AXMQN ( I ) =.0-
PFLX) I =0.0
FLX) 1)=Q0
XMON( I) =0.0
ABFLX)I)=0.O
AFLX(I;=O*O

14 NUM(1h0
DO 255 I=1.6

255 IR I)=0o0
DO 32 1=192

32 V)I)=10.0
JJ=0

JL=O

13 DO 256 1=19?8
256 XMAG(I=0.0

READ INPUT TAPE 11,1029M*(XrAAG(ILI1,14J
102 FORMAT)12ti4F5*Z)

MM) =SM
N=N-1
GO TO (l#,13v4t5?6t7q8t9910vll)vM

C UBV DATA
1 XMOkl(41)0o.0

tNUM(41 ,'=1
XMON)65) :XMAG( 21-0.102
IF(XMAG(2)-9.O) 15.15t16

15 NUM(65)=1
16 GNU(65)=2.29

GNU) 41) =1.83
XMON)100)=1.0.9*(XMAG(2)+XMAG(3))+0.881
IF(XMAG(3)-9.0) 17917918

it NuMiuuU)=
18 GNU(100)=2L89

V( 1)=XtAG( 1)
IF,(V)1)-9.3)19919920

20 XIR)1i-=XNAG(4)
JJ=1



71

)sI R (2) XMAGi(5)
GO TO 200

19 XMON(5)=(XMAG(4i-XMAG(1) )+2.OJ.
IF(XMAG(4)-9.0)2lt21#22

21 NUM(5)=l
22 GNU(5)=Oo45~4

XMON(2)=3.05-(XMAG(5VtXMAG(l)-X MAG(4))
IF(XMAG( 5)-9.0) 23,23,24

23 NUM(2)=J.
24 GNU)=0~.270
200 IF(N) 201 ,201,l3

LUNEL CONVERSION
2 IF(V( 1)-9*0)3j),30,3l

31 XlRt3)=XMAG(2)
JJ~1
JL1l
XI R)4) =XMAG (1)
GO TO 200

30 XMON(3)=0.912*XMAG(2)+2.O1-VC1i
IF(XMAG(2)-9.*)J3o33t34

33 NUM(3)=l
34 GNU(3)=0.445

XlmON (6) I XMAG C )-V (1)) +0.*776
IF)XMAG( 1)-9v))35s33,36

36 GNU(6)=0.846
IF) N) 201,201,13

C HANIE CONVERSION
3 IFIV(I 1-9.0)42,40,41

41 XIR(5)=XMAG(1)

JH=1
XIRP(6)= XMAG(12)

GO TO 200
40 XMON(4)=(XMAG(l)-V(1) 1+2.18

IF(XMON(4)-990)42942943
42 NUM(4)u!
43 GNU(4l=0.45'3

XMON(1)=1. , C*XMAG(2)+3.20-V(1)
lF(XMAG(?)-910)44v44, 5

t 44 NUM(1)=.
45 GNU(!)=0.268

C 6 COLOR CONVERSION
4 X=0.176*XMAG)(3)+0.824*XMAG(4)

XMON(97)=XMAG)1)+0).15-X+1.521
IF(XMAG(1)-9*O)50950951

50 NUM(97)=l
51 GMUC97)=a.84

XMONC75)=XMAG)2i+0.08-X+0.698
IF(XMAG(2)-9.0)52952953

52 NUM(75t~l
53 GNU(75)=2.45

XMON(52)=XMAG( 3)+O.01-X+0.'.87
NUM( 52) =1
GNU) 52) =2.08
XMON( 36)rXMAG( 4)+0*03-X-0*048
NUN) 36)=l
GNU(136)ul~. 74
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XMONC.26) =AMAG(5 )-0904-X-0.I.TU

NUM(C26 C-l
GNU (26= 1tB-
XM0NC1O)XMAGC6C0o.

1 9 -X-0
2 2 1

I F ( XAAG~ ( C-9; ) 0 i 5 4-P55

54 NUMC1UC1l
55 GNU(l10.1

0 9
IF(NC2ol,20lpi3

C PV_ ATtE.9t CONELQ.%U
5 V(2)=XMAGC1CI

IFCXMAG(2:-.9.OC57t5
7 p5b

7 XMiNU42C .195*XMAG 2)-0.003

GNUW42) :89

NUM(67)=1

- GNU( b7i-=201-
56 IF(N) 201,201913

C R , L KRCNCNVERSI-0N
6 XMON(17)=0.308-2.23*XMAG(2)

GNU(17C=1.21
XMONC 271 =o._U6-j.208- XMAG(2)

NUM( 27)=1
GNU C27)=1 *49
IFCNC201920~1#13

C _HfA" __LSATA

7 IF(VC11-9.0C0,
3 0 O, 3 0 1

GO TO 304
300 VV=V(IC
304 D0 302 l11'14

.Vill- ~302 X,"4G -( i)-XMAGCI)-VV

- ~MON(61)XMAG%'tCO.12
N UM C-6 1.) = 1:
GMU( 61) =2.22
XMON C 47-)_ZXMAG ( 2_L-0.0-6
NUM( 47) =2.00
XMON(40) =XMAG( 3-O.01

NUM( 40)=!

_gBNUC4O 8 2
XMON(33)=XMAG(4C+0.C

3

NUM C33)=1
GNU(33C=1.6

7

2tQi2 fXMAG(5+
2

NIJM (29) =I
-GNU C29)=-1. 54
XMONC 24) =XMAG(6)+0.29
NUN (24)=1
GNU C24)1 .*43
XM0NC(2j1XMA(C 7)+0.38

NUN C 21)=1
GNU(21Crl#33
XMONC ib)=XMAG(8)+0.5

0

NUM(18)=1
GNIJC 18 )=1.25
XMONC 15XMAGC9)+0.52
NUMC 15)=1
GNU) 15 h1*18
xmoN (T13) =XMGC( 10 )+0 .5 3
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NUM( 13)
G;NU (I .3 1.14
IF(IN) 2U1 .. U1 ,13

C HALL SPROUL DATA
8 IFtV( 1)-9.Lj)3U5,305i306

306 VV=V(2)
GO TO 307

305 VV=V( 1)
307 DO 308 1=1,14'
308 XMAG(11=XMAG(1)-VV

XMON(59)=.X)AG(l1 -0.11

NUM( 58)= 1
GNu( 58) -. 19
XMON(46i=XMAC( 2)-0.0b
NUM( 4b)=1
GNU) 461= 1. 98

XMON (39)=XMAG (3)
NUM) 39): 1
GNU (39 =1.*81
X)VON(32)=XMAG(4)+O.14
NUM) 32)1
GNU) 32) =1.66
XMON)30) =XMAG(5S +0.22
NUM) 30)=l
GNU) 30) =1.55
XMON (25) =XMAG (6) +0.29

NUM(25)=l
GNU) 25 )=1.44
XMON(22)=XMAG( 7)+Oo36

* NUM(22)=l
GNU) 22) =1.34
XMON( 20) =XMAG( 8) +0.48

NUM(20)=l
GNU) 2UI= 1.26

XMON( 16) =XMAG() 9+0.51
NUM) 16)=1

XMON(112) =XMAC(10 )+0. 53

NUM)(12)1l
GowU)12 ) 1.12
XMON( 9) =XtAG( 11) +0.60
NUk) 9)=1
GNU(9)=1.02
XNION) 7)=XMAG)121+0.66
NUM) 7) r1
GNU) 7)=0.970

IF) W'201,201, 13
C OKE SCANNER DATA

9 XMON)34)=XMAG)
NUN) 34) =1.

GNU) 34) =1.70
XMON (37 )=XMAG C )
NUM) 37)=1
GNU) 37) =1.80
XMON (43) =XMAG (3)

NUM) 43)=1
GNU (43 )= 1.*90
XMON( 44) =XMAG) 4)
NUN (441)=1

GNU) 44)=1.95
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?XMON(48)=XMAG(5)
NUM (45)=1
GNU (48 ) 2.*00
XMON(501=XMAG(6)
NUM(50)1l
GNU) 501)=2. 04
XVMON (53i=XMAG) 7)
NUM (53 )= 1
GNU) 53 ) =2.09
XMON(S5) =XMAG) 9)

NUM) 55(= 1
GNU( 55 =2.14
XMON (59 ,=XMAG( 9)

NUM) 59>1l
GNU) 59) =2.19

xMoN(63) =XMAG( 10)
NUi( 63 ) 1
GPIU) b3 =2.24
XMON (66)=XMA (' 1
NI)4( 66) 1I
GNU) 66 ( 2.* 9
XMON(b9)=XMAG( 12)

NUM (69) z 1
GNU( 69)=2. 35
XV,0N( 72)=XMAG) 13)

NUM)72) 1I
GNU) 72) =2.40
XMON(76)=xMAG!14)
NUM) 76i 1

GNU) 76) =2.45
READ IN"UT TAPE lltl02oM9(XMAG'lI),>=15928)

XMON,79) =XMAG(115)

NUM()79) =
GNU( 79 )=2. 48

XMON(82>=XMAG( 16)

NUM))62)=
GNU) 82) =2. 56

XMON(84) XMAG(17)
NUM (84)= 1
GNU) 84) =2.bO

XMCN)87>=XMAG) 18)
NUN))87)= 1

GNU) 87) =2. 65
XMON (89) = XtAG! 19)
NUM(3) a =1
GNU) 89)=2. 70
XMON(92) =XMAG) 20)

NUN))92) =
GNu192)=2-75
XMON(95)=X4AAG( 21)
NUN) 195)=1

GN) ( 95 ) 2.80
XN)ON (93;=XMAG( 22)
NUJM ( 98 ) = 1
GNU) 98) =2.85
xmoN) 101) =XMAG) 23)
NM.'101>
GNU 101) =2.90
M0N) 103i =X0AG)24 1

NUN')103>1l
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GNU 11031:2.9,

C BONSACK OATA
10 RLAD IMPUT TAPE 11,1U29MIXMAG II.:15P28)

?XMON(49l:XMAG( 11-0.02
NUM 149 1 1
GNU(49 ':2.OL
XMQN1511=XMAG',21-C.05
NUM( (5 1 )=
GNU C51)=:2. 08
XMONI54)=XVMAG( 31-0.J8
NUM( 5411
CN, ( 54) =2.1
XMQN I 5 )MAC (4)-U.*11
NUM( 1561) =1
GNU) 56) :2.16
XM0N (60) :XMAG 15)-0.*12
NUM(60 ) =1
GNU) 60) :2.20
XMON(62)=XMAG(b (-0.15
NUM(62 1:1
GNU( 62) :2.24
XMON(64)=XMAG( 71-0.17
NUN (641:1
GNU( 64 :2. 28
XMON (68) :XMAG( 81-0.19
NUM(68)=l
GNU) 60 1=2. 32
XMON 1701 :XMAGI 91-0.22
NUM( 701:1
GNU) 70 1=2.3
XMON(73)=XMAGI 10 1-0.22
NUMI 731:1
GNU) 73) =2.40
XMON( 74)=XMAG( 111-J
NUN 174): 1
GNU(741: 2. 44
XM1ON(77)=XMAGl 12'-0.24
NUN) 771:1
GNU (77)=2.48
XMON)801:XMAG(13)-0.27
NUM; 801:1
GiNU) 801=2.52
XM0N181l:,MAG']'41-0.25
NUM 18 1 ):
GNUI81)7:2. 56
XMQN(85l=XMAG( 151-0.26
NUMI85 1
GNU(85 '-2.60
XMON' 86) =XMAG( 161-0.27
NUM(86 I= 1
GNU(86 1=2.64
XMON(88)=XMAGI 17)-0.25
NUMI 881:1
GNU) 88 1 2. 68
XMON(9O)=XMAGC 181-0.43
t4um I90 1:1
GNU(9O 1=2. 72
XMON(93)=XMAGI 191-0,.44
NU 193 1=1
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) GNU(93)=2.76
XMQN (941 =XMAGj( 20 )--0.45
NOM (94 )= 1
GNU) 94 )=2. 80
XM0N(96) =XNIAG( 2l)-0 'l

NOW (9b ) =1
GNU) 96) =2#d4
XMQN(99) =X."'AG( 22)-0.74
NUM: 99 1.=
GNU (99 (=2.*88

C CO0DLS DATA SCANNE.R
11 READ INPUT TAPE j1,102,M((XMAG(I)vl=15,28)

X;IO0N ( !C2) =:XMAG ( 1)
NUM')102) =1
GNU ( I10l2) =2 . 94
XMON(911=XMAG) 2)
NUM) 91 1
GNU) 91, =2.74

XMON (83)=XMAG (3)

NUM(83 )=1
GNUS 83) =2.59
XMO.078T) 'XMAG) 4)

NUM) 78 )= 1
GNU1i78)=2.48
XMON (71) =XMAG) 5)
NUM( 71)=1
GNU) 71) =2. 39
XMON(r.7)=XMAG)6)
NUM( 57) =1
GNU(57)=2*18
XMON (45)=XMAG (7)
NUM (45 ) = 1
GNU)45 (=1.98

XMON) 38) =XMAG()
NUM) 38) =1
GNU)( 38 ) = 1. 80
XMG4( 35) =XMAG( 9)
NUM (35 )=1I
IGNU) 35) =1.72
XMQN( 31)=XMAG( 10)
MUM) 31) =1
GNU) 31) =1.65

NUM) 28) =1
GNU) 28 )=1. 50
XMON( 23) =XMAG( 12)

NUM) 23 ')1
GNU) 23) =1.34
XM)N( 19)=XMAG( 13)
NUM) 19)=1
GNU) 19)= 1.25

XM)ON( 14)=XMAG( 14)
NUM) 14)1l
GNU) 14)=1.14
XMON)11)=XMAG(15)
NUM) 11)=1
GNU) 11)1l.C9
XMON)8)=XMAG) 16)

tlUM(8 (=1
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IF(IN 1' 01201, 13

201 COMlINUE

71 jFIVI 1)-9.U)b4,64,6!)
64 V(21=V(1)

65 IF(JU)29Q,29U,?91
Z91 XMON(51=(XIR(1)-V(2) )+2.01

IF) XIR( 1)- 9.k.)bUq6Uq6
b ) NUM(5)=l

61 GNU(51=0.454
,'ON(2)=3.U5-(XIR(Z)+v(Z)-XIR(1))
IF(XIR(2I-9.,j)62,62q63

62 NUM (2) =I
63 GNU(2)-0.270

29iJ IF(JL)Z9Z,294p293
293 CONTINUE

XMON( .j)=J.912 *XIR( 3)+2.01-V 2)

IF IXJR (3) -9.U) 66t66 ,67

67 GNU(31=0.445
XMOAN(b)=(XIR(4)-1(2( +0.776
kF(XIR(4)-9.U)68q68v69

68 NUM ( 6 1
S~9 C~iU(6)=C'.846

292 IF(JH)l70t709295
295 CONTINUE

XMiON(-)=(XIRI 5)-V (2j) +2.12

IF)'R (5 (-9.U) 72 ,72t73

7? NUM(4)=1
73 CNU(4)=O.453

XMYON'.11=1.08*XIR(6)+3.20-V(2)
IF X IRIS 1-9.U) 74.74q75

74 NUM 1(+Jj
75 r3NU(1)=.263
70 CONTINUE

Cz-0.4O/O.43429448
IF(V(1I-9.O)82t82,31

81 IF (V12 ) -9.UI dS 85 -86

8 1 V~i)IV(2)
82 A=EXPF(CIV(1I)

DO 80 I=1,103
l LX'I)EXPF(C-XMON(I))

8GO TO 87

6CONTINUE

DO 6 ,l103
88 FLX(I-'1=EXR F(C*XMON(I))
87 CONTINUE
C SORT ROUIINE

J=O

DO 93 I~i 163
1IND=NUM( II
IF( IND)93993*92

92 J=J+1
L=J
XXMONtJ)=XMON) I)
FFLX( JI=cLX'I I

GCGNU(-GNU( I)
AFLXIJ ) =ABFLX (l)
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?93 CONTINUE
wt~iTE OUTPUT TAPE 5,1O3,(STARU?,Il=ls3),MDSPECo(MM(K),t'=1,NN)

103 FQRMAT~lH191Q'X*3A6,3?X,3HHD sF7*O,3XylA6,5.K*1OHDATA COLE ol14l//l)
WRITE OUTPtUT TAPE 5,1C4,(GGNU( I) ,FFLX( I) XXMON( I) ,AFLX( I ,I-1 L)

104 FORMAT(//2Y,10HWAVENUMbERtl6H FLUX/FLUXC1*8),16H MONO MAGUII1UOIE,,

2 14HMONO MA( ITUDIt,1,V13HH-E/CM2/S/CPS///(3XF5.3,8XF6.3,1OX,%6.39
3PX E9.3,bJXF5.3,8XF6.3,1C)~,F6.,8XE9.3))
tNSTARS=NSTARS-..
IF(NSTAR,'9509'2

95 CONTINJUE
START TAC

RUJNOIUT S
imp 5S
F.ND IAC S

ii3 V

t 4
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JOB RUN MAGNCON3 WALKER C4904X225
HLT SCRATCH ON 11
REWIND 1i
RPL I*DATAoGO
TAPE 11

75
ALPHA AND 358. AOF 5
110.0 10.0 10.0 i2.4610.)
'+-i,44-1,00-0.48-0.05+0.53+1.11
' 2.13-.235
8 Z.vf. Zc6 2,14 2.12 2.17 2.15 2.23 2*21 2.23 2.29 2.22 2.39 2.40
10 0.00 01jj 0.0. ,j.02 0.03 0.04 0.05 0.06 0.07 0.07 0.07 0.Ob 0.10 0,13
10 0-e6 0.48 0.59 0.80 0.81 0.82 0.37 1.02
BETA AND 6860.MO III
2-0.62-2*00
3-1.8 -2.0
410 0 -1126 0.59 ,.01-0,06-1o30
5 2.06 1.51
8 3.30 2.68 2.03 1.62 1.26 0.98 0.57 0.34 0.22 0.03-0.09-0922-0,39
GAMMA AND 12533#,2 11 3
3-0.8 -1.0
4 1.36 0.61 0.34- .02-0.3Z-0.69
5 2.3010.0
DELTA AND 3627,K3 Il1 3
3 0.6 0.7
410.0 0.83 0.35-0.02-0.33-0.68
5 3.25 1.20
ALPHA AQL 187642.A7 IV 6
1 .75 .23 .07 0.25 .06
310.0 -0.9
4-(.54-0.62-0.30-0.01 0.31 0.68
5 0.82 0.10
6 0.76 0.02
8 1. 1 0.8 0.78 0.73 0.69 0.65 0.61 0#54 0,54 0.54 0.52 0.5 0.45
GAMMA Al2L 186791. K3 II 4
3-1.0 -0.9
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Appendix II: Definition of Terms and
Reduction of Some Astronomical

Quantities to Absolute Energy Units

The monochromatic flux F at the surface of a star is the amount of radiant

ene. ., passing through a unit area of stellar surface in unit time and per unit fre-
-2 -1 -1

quency interval. The flux then has the dimensions of ei'gs cm sec cps or
-2 -1

watts cm cps The total flux or integrated flux F is then defined

F =f F dv (-)F=0 IV

For the case of a blackbody radiator at a temperature T (OK) the flux FBB is given

by Stefan's law

FBB aT 4  (11-2)

where a is the Stefan - Boltzman constant.

The effective .temperature Te of a star is defined as the temperature of a black-

body which radiates the same amount of integrated flux as the star, that is

F = oT 4 (11-3)

eRFjIOU%,AG 
O
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The luminosity L of a star is the total amount of energy radiated by the star and
is obtained from integration of the flux over the area of the star. L has the dimen-

sions, ergs per second or watts, For the case of a spherical star of radius R* the

luminosity is given by

L = 4r R * 2 F = 4zf R*2 aTe4  (11-4)

The monochromatic irradiance H of a surface by stellar radiation is the flux at

a distance R from the star. For R> > R , HV is given by

H V = F R*)2 (11-5)

and the integrated or total irradiance is

H~ f ' HLdv = (af,) f~F dp (11-6)

Substituting Eq. 11-6 into Eq. 11-4, one obtains the luminosity in terms of the irrad-

iance

L = 47 R 2 f-' H di (11-7)

The apparent bolometric magnitude mbol is just the integrated irradiance ex-o

pressed or a magnitude scale, that is

m bol -2.5 log J0 H' dv + C 1  (11-8)

'hre C I -- ostant estab.shing the zero point of the magnitude system.

The absolute bolonietric magnitude Mbol is the apparen, bolometric magnitude

of the star at a distance of il pprsecs from the star (I pc "= 3.0857 x 10 cm) and

may be found from the relation

MboI = Mrbol -5 log R - 5 (11-9)

where here R is the distance to the star in parsecs. Thus,

Mb o I : -2.5 log f H dv -5 log R + 5 + C1 (II-10)
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)
Direct observation of mbol with earth-fixed instrumentation is not :ossible

since a determination of mbol requires the measurement of the monochromatic

irradiance at all frequencies. The earth's atmosphere is opaque to radiation of all

out a few narrow frequency bands. Oxygen and ozone strongly absorb radiation at

wavelengths shorter than about 3000 , while water vapor and carbon dioxide obscure

large regions in the infrared region of the spectrum. "

Consider now a magnitude measured in a finite frequency interval and, in particu-

lar, consider the frequency interval and detector response which defines the V mag-

nitude of Johnson and Morgan (see Appendix I)

V -2.5 log fo S H dv+ C (c2 1)

where S is the normalized response of the system as given by Johnson and Morgan

(1953) and C 2 is a constant which determines the zero point of the system. Let us

now define the bolometric correction B. C. by the following relation

B.C. = wbol -V (11-12)

then by substitution of Eq. 11-8 and 11-11 into Eq. 11-12 and setting C 3  CI - C 2 we

have

B.C. = -2.5 log + C3  (11-13)

Thus, the boiometric correction is the ratio of the total irradiance to that

measured with the response SV expressed on a magnitude scale.

With the ad of well-determined data on the sun we mey now dl-+ermine the

values of the constants C 1, C 2 , and C The bolometri correction for the sun, B. C.

(0) , has bee.n arhitririly qet at -0. 07 (see text) . The V magnitude of the sun, Vn,

has been determined by Martynov (1959) from the data of Stebbins and Kron (1957)

to be -2P. 60 t 0.03. By substituting these values into 'Eq. 1-12 we obtain the apparent

bolometric magnitude of the sun mboI (0)) -26. 87.

For the sun

0 H = dv solar constant = 0.135 watts/cm 2  (11-14)

and by substitution into Eq. 11-8 we obtain C1  -29., 04. From Eq. 11-9 we may

obtain Mbol (0) = + 4.70, where the quantity 5-5 log R = 31.57.
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The constant C2 may be evaluated from Eq. 11-13, that is

C 2.5 log f'Su H do - 2.5 log f0 H dv - 29.04- B.C.(0) (11-15)

expanding f0 S, T dv about the effective frequency Ho as in Appendix I and

converting the wavelength units by the relation H,= - H (where c is the
velocity of light) one obtains

H
C 2 = 2.5 log j 0 HX d) + 2.5 log S dX - 28.97 (11-16)

From the solar spectrum of Goldberg and Pierce (1959) we obtain H XO = 0.1916

watts cm- 2 microns where X ° 
= 0. 556 microns, and from graphical integration

ot the response curve given by Johnson and Morgan (1963)' and Johnson (1955) we

obtain

f SX dX = 0.0866 microns. (11-17)

Substitution of these values into Eq. 11-16 yields C 2 = -31.22 and C 3 m 2.18

Thus, the relations between Eqs. 11-8, 11-10, 11-1i, and 11-13 become

mbol -2.5 1og j o H, di -29.04

M, 1 =-2.5 log f' H dv - 5 log R -24.04

f, H, dv
B.C. 2.510g , S H d + 2.18

0

V " ' o H dv -31.22

and in terms of the monochromatic irradiance at X 0. 556 microns

V - 2.5 log HUo - 28.59 (11-18)

whee Ho as he nis wttsc-2 . -1
where H has the units watts cm microns , and the integrated quantitie~s, theXo -2
units of watts cm

Willstrop (1958) obtained a calibration of the V magnitude from comparison of

the monochromatic irraciiance at A 5400 A from a large number of stars to that from

a calibrated standard lamp. His measurements ",ndicated that for a star of V = 0. 0,

HX o = 3.8 X 10"12 watts cm "2 micron- . From Eq. 11-18 we calculate for



85

JV .0 H , ? 72 ]0 12  -at m 2  mi ro s1
V 0 0, H, 72XI watts cm microns a value 2 percent smaller.

This difference reflecu, the 'icertainty in the value of V. and the solar constant.

Fr( rx a rearragernent of the above equations, a number of useful relations

may be der ved:

log Hx -0 4V -11. 43 (11-19)

log f0 H, dv = -U.62 -0.4 (V+B.C.) (11-20)

log f S dV -0,4V- 12.0 9 (11-21)

and for mbol = 0. 0,

f0 H dv 2.46 X 10O 12 watts cm (11-22)

0 w

~J
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